Abstract-Spatial resolution represents a key performance aspect in electrical capacitance volume tomography (ECVT) systems. Factors affecting the resolution include the "soft-field" nature of ECVT, the number of capacitance channels used, the ill-conditioned nature of the imaging reconstruction problem, and the signal-to-noise ratio of the measurement apparatus. In this study, the effect of choosing different numbers of capacitance plates on the performance of ECVT is investigated experimentally. Specifically, two ECVT sensors with 12 and 24 capacitance channels but covering equal volumes of a cylinder are used to examine the resulting impact on the image resolution.
INTRODUCTION
Electrical capacitance tomography (ECT) sensors have been widely used in industrial process monitoring and multiphase flow applications including chemical processes, for example [1] [2] [3] [4] . More recently, direct three-dimensional (3D) imaging systems based upon volumetric capacitance sensor measurements have been developed, constituting what has become known as Electrical Capacitance Volume Tomography (ECVT) [5] [6] [7] [8] . Capacitance plates employed in ECVT yield inherent 3D sensitivity matrix maps whereby volumetric images can be reconstructed. A key feature of ECVT resides in its capability of reconstructing volume images directly, that is, without the need for any spatial averaging or interpolation of two-dimensional (2D) images ("slices"). This is especially important because capacitance sensors are typically made of elongated plates to ensure stable signal measurements from minimum singleto-noise (SNR) requirements, and 2D tomograms slices obtained from such traditional ECT sensors represent only an average result along the full axial length of the plates. Consequently, any resulting 3D interpolations taken from a collection of such 2D tomograms are expected to provide a poor representation of flow features in the axial direction.
Research on improving the imaging resolution in ECT and ECVT has focused primarily on image reconstruction algorithms and techniques [9] [10] [11] [12] . Considerable less attention has been given to increasing the number of independent measurement channels (i.e., by considering different capacitance plate shapes, arrangements, and number). The trade-off between number of channels and the system acquisition complexity was briefly discussed [13] . The effect of number of electrodes on ECT image quality was evaluated in [14] . In particular, the authors have concluded that increasing the number of capacitance plates beyond the (conventionally used) number of 12 in ECT does little to improve quality of reconstructed image. Here, we show that these conclusions do not translate to ECVT. As shown below, the impact of further increasing the number of channels on the ECVT imaging resolution is considerably more pronounced in the volumetric case because more freedom is available on the design and spatial arrangement of the capacitance plates along its two-dimensional domain boundary. Schematics of an ECVT system, illustrating the three basic components that impact image resolution. The total number of channels plays a primary role in all three components.
ECVT SYSTEM COMPONENTS AND RESOLUTION
ECT and ECVT systems in general are studied by breaking down the system into its three basic components: (1) sensors, (2) data acquisition hardware, and (3) image reconstruction algorithms. In capacitance tomography, most of the efforts to enhance image resolution have been by far focused on the third component above. This strategy is providing ever diminishing returns as the quality of reconstructed images using different state-of-the-art reconstruction algorithms are in closer order. Since all three basic components above work in tandem to produce a given resolution, it is clear that further improvements in image quality should be sought using a more integrated approach. In Figure 1 , a typical ECVT system is illustrated along with the key ingredients impacting each component and the final image resolution. From an inverse problem prospective, an increase in the number of "independent measurements" is the key for increasing the final image resolution. ECVT sensor hardware design can play a major role in determining the degree of ill-conditioning of the associated sensitivity matrix, with more "independent" measurements leading to a better conditioning of the imaging problem. The most direct route to achieve this is to increase the number of capacitance plates. However, this necessitates (1) a corresponding increase in the number of capacitance channels in the data acquisition chain and (2) a smaller area for each capacitance plate. Both these facts cause SNR degradation. Because of this, it is assumed that an increase in number of channels beyond a certain number does not have a significant impact on image quality. Historically, this limit has been assumed to be about 12 sensors and has arisen from the very limited flexibility provided by 2D ECT sensor systems in both designing and arranging the plates along the azimuth angle. In this work, we show that this low limit does not apply to ECVT due to the enhanced flexibility for the deployment of the capacitor plates around the imaging domain, and that there is a substantial gain in resolution by going from a system with 12 channels (plates) to a system with 24 channels even as the imaging domain volume remains the same.
ECVT SENSORS
The two ECVT systems considered here are shown in Figure 2 . Both sensors were based on a multilayer shifted rectangular plate design. The first sensor has 12 channels with three layers and four plates in each layer, as depicted in Figure 3 (a). Each plate in the 12 channel sensor is of 55 mm height and 77.8 mm in width, conforming to the cylindrical shape of the column. Each plate is surrounded from all sides with a rectangular strip of ground trace with 4 mm width. The distance between the ground trace and the edges of the plate is also 4 mm from all sides. The plates were fixed on the outside wall of the column, which is of 6.35 mm in thickness. The column wall dielectric constant was around 2. The second sensor has 24 channels with four layers and six plates in each layer as depicted in Figure 3 Each plate here is of 41 mm height and 50.8 mm in width, conforming to the cylindrical shape of the column. Each plate is surrounded from all sides with a rectangular strip of ground trace with 4 mm width. The distance between the ground trace and the edges of the plate is also 4 mm from all sides. The plates were fixed on the outside wall of the column, which is of 6.35 mm in thickness. The column wall dielectric constant was around 2. For proper comparison, both ECVT systems are designed to image the same volume and an identical reconstruction algorithm [15] is employed in both cases. In both sensors, the plates are shifted halfway with respect to the plate width from one plane to another, in a staggered arrangement as seen in Figure 3 . While each plate of the 24-channels system is half the size of those in the 12-channels system, the 24-channels system plates are only 30% shorter in length and 28% shorter in width. This distinction is important as it implies that shrinkage in plate area does not correspond linearly to degradation in SNR in the 3D case. To better illustrate this point, one can consider two plates in the first and third layers of the 12-channels sensors and the 24-channels sensor that are aligned vertically. For both sensors, the portions of the plates that are closer to each other have a greater effect on the capacitance measurements. Moreover, reducing the length of a sensor plate would bring plates from different layers closer to each other. Thus, the reduction in the area of the 3D sensor plates resulting from an increase in the number of channels is partially compensated by the fact that such area reduction can be mostly associated to those regions of the plates that have comparatively less effect on the measured capacitance signals.
Of course, increasing the number of plates from 12 to 24 increases the number of capacitance pair measurements, from 66 to 276. Figure 4 depicts a 3D view of the sensitivity distribution [16, 17] between two opposite plates in the top row and between plates located in the top and third rows, respectively. It is clear from this figure that the volume covered by the isosurface, which indicates the relative sensitivity to dielectric perturbations at different locations inside the imaging domain (associated to that particular plate pair) is narrower for the 24-channels sensor than for the 12-channels sensor. Narrower sensitivity maps which are greater in number and which, taken together, cover the same volume indicate the potential to obtain higher resolution with a proper reconstruction technique. An alternative way of examining the sensitivity map distribution as a means for predicting final image quality is through the average sensitivity distribution along a single direction in the ECVT sensor domain. Here, the sensitivity maps of all possible plate combinations are added across all dimensions except the one under investigation. The two features of interest in such maps are (a) the relative amplitude and (b) the slope (magnitude of the derivative) of such sensitivity lines. At any location across the dimension being interrogated, lines with strong gradient and large relative amplitude are desirable, as they indicate stronger changes on the mutual capacitance due to a permittivity perturbation at the respective locations. By carefully examining such sensitivity lines along the x-and z-directions for the 12-channels and the 24-channels sensors in Figure 5 , it is seen that the 24-channels sensor exhibits a large number of regions where significant lines have either larger slopes or larger amplitudes. All these features are indicators of better resolution capability. In contrast, the 12-channels sensor has more regions with both small slopes and amplitudes. The remaining of this paper will focus on describing experiments that confirm such predictions.
EXPERIMENTS AND DISCUSSION
Several experiments were carried out to compare the relative performances. An acquisition system with 24 channels from Tech4Imaging LLC was used with both sensors. For the sensor with 12 plates, only the first 12 channels of the acquisition box were used and the rest were blocked. The reconstruction algorithm employed was the 3D-NNMOIRT with identical iteration number and penalty coefficient [9, 15] , and with the imaging domain divided into 20 3 = 8000 voxels (unknowns). By controlling every other possible variable, the quality of the reconstructed images is set mainly by the difference in the number of plates. Both sensors were built around cylinder columns made from acrylic. For each column, the height was 18 inches, inner diameter was 4 inches, and outer diameter was 4.5 inches, while the wall thickness was 0.25 inches. The imaging domain has 4.5 inches in diameter and 7.5 inches in height. The signal-to-noise ratio of the acquired data is inversely related to the acquisition speed. For higher acquisition speeds, less number of cycles is averaged for each capacitance reading, yielding a higher noise component in the final measurement. The data acquisition speed used in this study was 200 frames per second for the 12 channel sensor and 48 frames per second for the 24 channel sensor. To maintain consistency over for both sensors, the same 76 micro-second acquisition time was used for each capacitance data point. As the 24 channel sensor requires more capacitance data points to construct an imaging frame, the frame rates for both sensors were different. In any case, a detailed analysis of resolution limits versus signal-to-noise ratio and further larger number of electrodes is beyond the scope of this paper.
Simple Geometrical Objects

Single Sphere
The first experiment was conducted considering a simple solid object inside the imaging domain, viz., a hollow plastic sphere stuffed with sand. The diameter of the sand ball was 3 inches and the thickness of the plastic shell around it was 0.03 inch. The ball was hung in the middle of the acrylic cylinder column by a very thin thread. Figure 6 illustrates the experimental setup. Figures 7(a) and 7(b) show the reconstructed images using the 12-and 24-channels sensors, respectively. The isosurface images in Figure 7 have a cut-off solids concentration of 0.21. From this figure, it is seen that both sensors can provide reasonable results for the material distribution, with the 24-channels sensor yielding better resolution. In particular, two distinct features are visible when using the 24-channels sensor. First, the image shape from 24-channels sensor better resembles that of a sphere when compared with the 12-channels result. The 12-channels image is distorted and resembles instead a water drop, having a noticeable distortion along the vertical direction. This can be explained by the fact that the 12-channels sensor has only three layers of plates whereas the 24-channels sensor has 4 layers, so the 24-channels sensor naturally has better vertical resolution. Second, we can also notice that the reconstructed permittivity gradients are different. For the 12-channels, the gradient near the surface is smaller than in the 24-channels sensor, leading to a 'thick' surface layer. A larger gradient exists inside the reconstructed sphere and the permittivity changes significantly near the center region inside the sand sphere. On the other hand, the 24-channels result shows a sharper change near the edge of the sphere and a relatively uniform distribution inside the sphere, which captures the real object better. An explanation for this difference is that in each layer there are 6 plates for the 24-channels sensor, so that both the horizontal and vertical resolutions are improved versus the 12-channels sensor. One can thus conclude that the 24-channels sensor shows a better performance in capturing both "edges" and gradients of dielectric distributions.
ECVT reconstruction results can also be used for estimating the volume of the object. As long as we can compute the number of voxels of which the permittivity is higher than a specific threshold value, we can determine the total volume of the high-permittivity voxels, which should be a good estimate for the actual volume of the object. If the total volume of the imaging domain is V , the total number of voxels inside the imaging domain is M and the number of the high-permittivity voxels (each of which has a permittivity higher than the specific cut-off permittivity) is m, then the volume of the high- The volume of the real sphere object is 14.14 inch 3 . Figure 7 (c) shows the calculated volume comparisons from the two sensors and the real true volume under different cut-off holdups. The 0.21 cutoff was selected as it is close to where both sensors yield volume estimations closer to the actual sphere. It is clear that the 24-channel sensor has a better performance compared to 12-channel sensor, as the progression of error away from the optimal cutoff is considerably slower for the former.
To further compare the two sensors quantitatively, we also compute the mean-squared-error (MSE) of each reconstruction The MSE from each sensor is calculated using
where G i is the reconstructed (relative permittivity) value in voxel i, and G oi is the actual permittivity value at that voxel location (either inside or outside the sphere). The calculated MSE for the 12-channels sensor is 0.0544, while for the 24-channels is 0.0347. Although the estimated volume of the reconstructed spheres from both sensors is close, the MSE of 12-channels sensor is significantly higher than the MSE of the 24-channels sensor results because of the two factors noted before: higher sphericity and more uniform (accurate) permittivity distribution inside the reconstructed sphere.
Combination of Spheres
The next example consisted of two sand spheres of different sizes. The smaller sphere was the same used in the first experiment. The larger sphere was also a hollow plastic object stuffed with sand, but with a diameter of 4 inches. Inside the column, the smaller sphere was placed below the larger sphere, as shown in Figure 8 . Figure 9 shows volumetric images from the 12-and 24-channels sensors. The results here again confirm the ability of the 24-channels sensor to detect boundaries and gradients in dielectric concentrations better than the 12-channels sensor. One can clearly distinguish the two spheres in the 24-channels image, whereas the 12-channels image shows both objects blurred together. Moreover, the 24-channels sensors better depicts the homogenous solid distribution inside each sphere, whereas in the 12-channels sensor a spurious gradient is visible deeper inside the bigger sphere image. It is worth noticing at this point that, for both sensors, the background concentration map is not completely 'empty', with a residual estimate greater than zero outside the sphere. This is caused by the 'soft field' nature of ECT [16] . In the previous example, the sphere is relatively small such that the influence to the overall concentration map is minor and such artifact is less evident. In this example, the larger sphere occupies the whole cross section area of the column so the concentration map is more affected by its presence. 
Composite-shaped Objects
The third experiment deals with an object of composite shape consisting of a square plate with a circular hole in its center, as shown in Figure 10 . The object is made with clear-cast acrylic plastic board with thickness of 0.69 inches. The side length of square is 3 inches and the diameter of the inner round hole is 2 inches. Similar to the first experiment, the object is hung in the middle of the acrylics cylinder column by a very thin thread. Figure 11 shows the reconstruction results using 12-and 24-channels sensors. Similar to Figure 9 , one observes that the image quality from the 24-channels sensor is clearly superior because the image of the 12-channel sensor fails to capture the correct shape, while for the 24-channel sensor the square shape is better reproduced and the dimensions of the reconstructed object are closer to the original object. In addition, the round hole in the center of the plate can also be distinguished. An observation should be made here about the dielectric distribution values, as the 24-channels sensor estimates a maximum value significantly less than 1. This is simply because the sensors were calibrated with sand which has a dielectric constant close to 10, whereas the experiment was conducted with acrylic plastic having a dielectric constant close to 2. The authors elected to conduct this experiment with the sand calibration to demonstrate that the system can resolve the dielectric distribution, even when calibrated with a material of higher dielectric constant. This is especially important as most of ECVT application relate to multiphase flow systems. In multiphase flows, the dielectric distribution changes based on changes in the material phase holdup (i.e., proportion of solids to gas, for example).
In cases where the flow is dilute (i.e., solids concentration with respect to gas is low), it is critical to be able to reconstruct the phase concentration for better understanding of the observed flow process.
Gas-Solid Fluidization System
FCC (fluidized cracking catalyst) particles are commonly used in the oil refinery industry. In this experiment, the fluidization in a bubbling column was investigated. FCC particles are used as the solid phase and air was used as the gas phase. A porous material gas distributor with the same diameter as the cylinder was installed at the bottom of the column. Air was controlled by a flow meter and was blown upward from the gas distributor as the fluidization gas. Figure 12 depicts the experimental setup employed for testing both sensors. Figure 13 shows results from both sensors under similar superficial gas velocity (0.15 ft/s). We can see that although both sensors can capture the main bubbles inside the column, the 24-channels sensor has again a better resolution compared to the 12-channels sensor. Figure 14 shows the corresponding solid-concentration reconstructed profiles across a bubble along a diameter of the column for each sensor. It is observed that under the same superficial gas velocity, the background dense phase solid concentrations are both slightly higher than 0.5, but the lowest concentration reconstructed in the center of the bubble differs significantly. From the 12-channels sensor result, the solid-holdup inside the bubble is around 0.3, which is unrealistic as we expect the solid holdup there to be closer to zero, as confirmed by X-ray observations [18] . This is demonstrated clearly in the 24-channels sensor result where the solid-holdup in the middle of the bubble is indeed closer to zero. Moreover, the 24-channels sensor is able to better resolve different bubbles in the fluidized regime compared to the 12-channels sensor where the bubbles seem to be merged together in an elongated low solids holdup region. (a) 12 channel result (b) 24 channel result Figure 16 . Volumetric images of (a) the 12 channels sensor and (b) the 24 channels sensor for the rising bubble in a mineral spirit column.
Gas-Liquid System
Gas-liquid bubble columns are widely used in the chemical industry. Similar to the gas-solid fluidization system, air was used as the gas phase. Mineral spirit was chosen as the liquid phase because of its low relative permittivity and insulation property, as well as its good fluidity. A 0.75 inch diameter nozzle was used as the gas distributor. Figure 15 shows the experimental setup and Figure 16 shows results from both sensors under similar superficial gas velocity (0.1 ft/s), where we can see that the 24-channels sensor image has more details compared to the 12-channels image. The center of the bubble is correctly reconstructed with near zero liquid concentration (i.e., "empty") in the 24-channels sensor result, which is not the case in 12-channels image. This result is in accord with fluid mechanics predictions that a rising bubble in a viscous liquid should contain close to zero liquid concentration [19] .
CONCLUDING REMARKS
We compared the performance of two ECVT sensors with 12-and 24-channels respectively, in a variety of experimental conditions. Experiments involving simple static objects, a composite-shape static object, a gas-solids fluidized bed, and a gas-liquid bubbling system were considered for comparison. The use of such controlled experiments allowed to better evaluate and compare the two systems, and to assess the impact of different parameters on the sensor performance. Variables that can affect the image quality were controlled so that the relative difference in performance (resolution) can be attributed primarily to the increase in number of channels. In particular, the same reconstruction algorithm was employed (with same choice of parameters) and both sensors were designed with similar plate shapes covering an equal volume. Results from all experiments indicated that increasing the total number of channels from 12 to 24 provides a marked increase on ECVT image resolution. These conclusions are expected to translate to practical scenarios where the variables, here under control, can vary simultaneously with combined effects that reproduce the observed trends. Finally, we note that the use of an even larger number of channels, beyond 24, is also of interest. Such exploitation of very large number of channels is of particular relevance to both adaptive [20, 21] and dual modality [22, 23] ECVT systems, for enhancing information acquisition.
